The 8uP-labelled genomes of poliovirus type I, 2 and 3 have been digested with RNase T1 and the products separated by two-dimensional gel electrophoresis. All three fingerprints differ in the separation pattern of the large oligonucleotides. The molar yields of the large RNase Tl-resistant oligonucleotides of type I and type 2 RNA of poliovirus RNA are close to one. By comparing the yields of these oligonucleotides to the amount of RNA from which they originated, the chain length of type I poliovirus RNA was found to be 785I~567 nucleotides (tool. wt. 2.66~o.19× Io 6) and that of poliovirus type 2, 8181~578 nucleotides (mol. wt. 2:77~o'19× t@). The chain length of two defective interfering particle (DI) RNAs of poliovirus type I were determined to be 7o42±999 nucleotides for DI(0 and 6639~674 nucleotides for DI(2).
INTRODUCTION
Poliovirus, a member of the Picornaviridae, contains one molecule of single-stranded RNA in which all genetic information is stored (for a review, see Levintow, I974) . Three serologically distinct types of poliovirus (type I, type 2 and type 3) have been recognized (for a review, see Rueckert, I976) which we shall abbreviate as PVI, PV2 and PV3, respectively. Their genome RNAs are of positive polarity and function as mRNA after entry into the host cell cytoplasm. Virion RNA of PVI contains 3'-terminal poly(A) (Yogo & Wimmer, I972) and is covalently linked to a small basic protein 'VPg' at the 5' end (Lee et al. I976; I977; Nomoto et al. t977) . Virion RNA of PV2 has also been shown to carry a 5'-terrninal protein (A. Babich, A. Nomoto & E. Wimmer, unpublished data) .
Except for terminal sequences (Nomoto et al I977; Flanegan et aL I977; Porter et al. I978 ) the primary structure of poliovirus RNA is unknown. As part of our programme to determine longer internal sequences of poliovirus RNA we have analysed the yield at which large oligonucleotides are produced by exhaustive digestion of PVI and PV2 3zp. RNAs with RNase TI. This information may reveal redundant sequences and is also important for the mapping of oligonucleotides (Nomoto et al. I979) . We have, in addition, determined the sequence complexity of PV1 and PV2 RNAs and of the genomes of two ; Cole et al. 1971 ; Nomoto et al 1979] . Two-dimensional gel electrophoresis has been used previously for the separation of large fragments of virus RNA (De Wachter & Fiers, ~972) . We have modified this procedure to accommodate the separation of complete RNase TJ or RNase A digests (Lee & Wimmer, I976 ) . The fingerprints that are obtained by autoradiography of the slab gels are diagnostic for a species of RNA and its purity (Lee & Wimmer, I976) . We show here the fingerprint of PV3 RNA and, for comparison, the fingerprints of PV1 and PV2 RNA. Although extensive sequence homology has been observed between the RNAs of the three types of poliovirus (Young, I973a, b) , the fingerprints of all three poliovirus RNAs differ strikingly in the separation pattern of the large, RNase Tl-resistant oligonucleotides.
METHODS
Cells and viruses. PVI (Mahoney) and PV2 (vaccine strain P217ch2ab) were propagated in suspension of strain $3 HeLa ceils in minimum essential medium (FI4 of Gibco Co.), 5 ~ calf serum, as previously described (Dorsch-H~isler et al. 1975) . PV3 (Leon strain P342) was grown in suspended HeLa cells as described for the other two poliovirus strains except that 3 h after infection the cells were diluted to 1.5 x Io 6 cells/ml and the incubation time was extended to I8 h at 37 °C. The cell suspension was then centrifuged at low speed, the pellet suspended in hypotonic buffer and a cytoplasmic extract prepared (Dorsch-H~isler et al. 2975) . The cytoplasmic extract and the fluid of the suspension were combined and centrifuged at 78ooo g for 3 h. The pellet was suspended in medium and used as virus stock. Viruses were titrated by a HeLa cell suspension assay (Detjen et al. 1978 ) .
Labelling of the virus. HeLa cells were suspended in MEM (Gibco FI4) at I2× lO 6 cells/ml and infected at room temperature with 3o to 5o p.f.u. (PV0 or I5 to 25 p.f.u. (PV2) of virus. After 3 ° rain medium and calf serum were added to give a final concentration of 6× IO ~ cells/ml, 5~ serum. The culture was incubated for I h at 37 °C. The cells were then sedimented, washed once with phosphate-free medium (all other ingredients were as in MEM FI4), resuspended in cold phosphate-free medium to 6× lO 6 cells/ml with actinomycin D (5 #g/ml) and incubated for 1 h at 4 °C (Wimmer, I972) . Dialysed calf serum (to 5 ~) and carrier-free phosphorus-32 (25o #Ci/ml) were added and the culture was incubated for 5 h at 37 °C. Cells were then pelleted and the culture fluid was discarded. Intracellular virus was isolated as previously described (Cole et al. I971; Dorsch-H~isler et al. 1975) . The yield of highly purified virus from 1.8 × io 9 cells was 4 to 8 × lO 8 ct/min; and occasionaiiy 1.5 × IO6 ct/min in the case of PVI (I.5 to 3"5 × I@ ct/min/#g virus). When PV3 was adsorbed to HeLa cells (i o to 15 p.f.u./cell) the incubation was modified as follows: infected cells were incubated for I h at 37 °C before the change to phosphate free medium. Two h after the addition of 32p, complete medium containing 5 ~ calf serum was added to a concentration of 1"5 × IO 6 cells/ml and the culture incubated for I8 h at 37 °C. Extra-and intracellular virus was then harvested as described above. Since zonal centrifugation through sucrose gradients in the presence of o. 15 M-NaC1, o'5 ~o SDS, often resulted in aggregation of PV2 and PV 3 (Lee & Wimmer, I976) these viruses were purified by isopycnic centrifugation in CsC1 as follows: virus pellets were suspended in o'oi M-NaCI, O.Ol M-tris-HCt, pH 7"5, o.oo2 M-EDTA, I ~o Brij 58, containing CsCI (1.33 g/ml) and centrifuged in a Spinco type 65 rotor at 33ooo rev/min at 4 °C for a minimum of 16 h. After fractionation of the gradient the virus containing solution was desalted by gel filtration on a column (I × I5 cm) of Sephadex G25, which was equilibrated with o.I buffer (o.I M-NaCI, o.o~ M-tris-HCl, pH 7"5, o.oor M-EDTA). Sequence complexities of polio RNAs 313 DI(1) and DI(2) particles of PVI (Mahoney) were labelled and purified as described (Nomoto et al. I979) .
Isolation of 3~P-RNA. This was done either by lysis of virions with detergent (SDS) at pH 3"5 (Mandel, I964) or by treatment with phenol/chloroform as follows: virus was dissolved in o-I buffer and mixed with I vol. each of phenol and chloroform/isopentanol (14: 1)). SDS was added to a final concentration of o'2~o. The solutions were mixed for IO rain at room temperature (using a rotator from Kraft Apparatus, Inc.) and centrifuged in a SorvaU HB 4 rotor for I rain at 1ooo0 rev/min. Organic phase (phenol l) and aqueous phase (aqu IA) were separated. Aqu I A was extracted twice more with fresh phenol/chloroform/ SDS yielding aqu I B, aqu I C, phenol II, phenol III, respectively. Phenol III was discarded. Phenol I and phenol II were combined and extracted with I/4 vol. of o-I buffer, which was adjusted to pH 9. The resulting organic phase was discarded; the aqueous phase aqu II of this extraction was mixed with aqu I C and 2 vol. ethanol. The precipitated RNA was separated from the aqueous ethanol and dissolved in o.I buffer and further purified by sucrose gradient centrifugation (Wimmer, ~972; Yogo & Wimmer, I972 ) . The yield of the RNA varied between 7 ° to 9o~o of the input virus. PVI, if purified by sucrose density gradient centrifugation, was usually treated with phenol-chloroform directly from the appropriate fractions. The RNA, after digestion with alkali or RNase Tz, appeared to be uniformly labelled as the base ratio of labelled nucleotide 3'-phosphates was similar to that obtained by spectroscopic analysis (Schaffer et al I96o). However, we and others have recently observed that a different base ratio was obtained when the same ~"P-RNA was digested with snake venom 3'-exonuclease or Penicillium nuclease (Flanegan et al. ~977; Nomoto et al. 1977) . This result suggests that the virus RNAs are not uniformly labelled with ~P (see Results).
Preparation of fingerprints and analysis of oligonueleotides. Digestion of the 32P-RNA, separation of the products by two-dimensional (/D) gel electrophoresis, autoradiography, elution of oligonucleotides from the polyacrytamide gels and determination of the base composition of oligonucleotides was as described by Lee & Wimmer (1976) . The oligonucleotides were labelled at the 5' end with 32p, hydrolysed with Na2CO3 and analysed by gel electrophoresis as described by Donis-Keller et al. (I977) . Although the fingerprints shown in this paper were prepared exactly as described by Lee & Wimmer (I976) , the following modifications of the 2D-gel electrophoresis have now been introduced: (i) the connecting gel is polyacrylamide, not agarose, and has the composition of the first dimension gel in o'o5 M-tris-borate, pH 8-2. Immediately prior to applying the I5 ml connecting gel solution, the Ist dimension gel, while placed between the 2nd dimension glass plates, is washed 2 to 3 times (25 min) with 2nd dimension buffer (see below). This elutes urea from the edges of the Ist dimension gel and eliminates connecting problems that were occasionally encountered; (ii) the buffer used for preparing the 2nd dimension gel and for the electrophoresis is o"o5 M-tris-borate, pH 8-2, instead of tris-citrate. This has the advantage of producing very little heat during electrophoresis at 800 V which permits the and dimension to be run at room temperature without cooling. Consequently, the 2nd dimension gel electrophoresis is carried out such that the glass plates lean against a gel apparatus similar to that used in rapid nucleic acid sequencing (Donis-Keller et al I977). The gel is connected with the upper chamber buffer by a paper wick (Whatman 3MM) that has been covered on both sides with commercial polyethylene film (for example, 'saran wrap') to prevent evaporation of the buffer; (iii)the glass plates used are larger: 1st dimension I5×45cm, 2nd dimension: 32"5×4ocm. The fingerprints thus obtained show improved separation particularly in the region of medium-sized oligonucleotides with chain lengths of I2 to I8 nucleotides.
Determination of the yields of large RNase TI-oligonueleotides. The migration of the RNase TI digestion products after electrophoresis in slab gels was determined by autoradiography. Gel pieces containing individual large oligonucleotides were cut out with surgical blades and placed into 5 ml shell vials (Kimble). The gel was pulverized to a powder with a flame sealed plastic pipette tip (Eppendorf) which was fastened on to a glass rod.
With the pipette tip remaining in the glass vial, I ml concentrated ammonium hydroxide was added and the mixture left in a hood at room temperature until o'5 ml of the liquid had evaporated (overnight). The suspension was then mixed with 4 ml scintillation fluid (Biofluor, New England Nuclear) and the amount of radioisotope determined. The remainder of the gel which contained labelled material was cut into pieces similar in size to those of the large oligonucleotides and analysed for radioactivity as described above.
RESULTS

Fingerprints of poliovirus RNAs
The separation of RNase TI digests of three poliovirus RNAs (PVI, PVz and PV3) by two-dimensional gel electrophoresis is shown in Fig. I . As expected, the 'fingerprints' are very similar in the area of short oligonucleotides (less than Io bases) which run furthest in the end dimension whereas little if any similarity can be observed in the lower portion of the gel which contains large G-terminated oligonucleotides. The fingerprints reveal that polypyrimidine tracts such as are found in genome RNAs of cardioviruses and aphthoviruses are absent. This result confirms previous data by Brown et al. (~974) and Porter et aL (1974) . RNAs of all three virion types, however, contain poly(A), which is heterogeneous in length (Yogo & Wimmer, 1972) and is present as a smear in the lower left part of the fingerprint (Lee & Wimmer, 1976) . The identity of the poly(A) was confirmed by a determination of the base composition of the eluted homopolymer (data not shown). Note that the oligonucleotides have been numbered roughly according to size, which differs from the arbitrary numbering of Lee & Wimmer (1976) .
Sequence complexities of polio RNAs
(b)
Base composition of large oligonucleotides
Large oligonucleotides of PVI and PV2 (see Fig. 2 ) w e r e eluted from the slab gels and their base composition was determined by secondary digestion with RNase A followed by electrophoresis on DEAE-paper at pH 3"5 (Brownlee, I97Z ). This analysis, however, was complicated by the finding that the virus 3~-P-RNAs used in this study were not uniformly labelled with 3~p under the conditions of growth (Nomoto et al I977) . The deviation from uniform labelling can be estimated for each base when the base composition of unlabelled RNA (Schaffer et al. i96o) is compared with the base composition obtained from the ratio of the four nucleoside 5'-phosphates of the 3zP-RNA. As can be seen in Table I , label in 3~P-pG or 82P-pC is lower, and that in 32P-pU is higher than the expected value, an observation suggesting that the precursor pools for RNA synthesis did not equilibrate during the labelling periods. This effect is also seen when the cooling period of the cells is omitted during virus growth or when the cells are incubated for 4 h at 6 °C after the addition of z2p (Scholtissek, I967). Digestion of azP-RNA with RNase T2, on the other hand, yields nucleoside 3'-phosphates with a base ratio close to that expected (Table t) . Since the 3'-phosphates receive the phosphate from their nearest neighbour, the imbalance in labelling presumably averages out.
The apparent base composition of oligonucleotides of PVI and PV2 RNA as determined by digestion of the RNase TI-resistant oligonucleotides with RNase A and separation of the products by electrophoresis on DEAE-paper (Brownlee, ] 972) is shown in Tables 2 and 3. Since the RNA is non-uniformly labelled, the number of single uridine or cytidine nucleotides determined by this method cannot be corrected (Nomoto et al. 5977) because the nearest neighbour of a particular pyrimidine nucleoside is unknown. Therefore, the values shown in Tables 2 and 3 Average 785.1 :t:567 * RNase TI-oligonucleotides (see Fig. 2 ) were digested with RNase A and the apparent base composition determined after separation of nucleotides on DEAE-paper. Y = pyrimidine nucteotides. Results are from 4 experiments.
t Molar yields of RNase Tl oligonucleotides and complexity determined as described in the text. Standard deviation of 7 experiments for molar yields.
Sequence complexity of two experiments. The average is given with the standard deviation of all sequence complexities determined. other hand, can be derived fairly accurately from their position in the paper electropherogram (Brownlee, I972) . The quantification of some of the dinucleotides (A-Yp), however, may have to be corrected by sequence analysis (see below). In any case, secondary digestion with RNase A of the RNase-T[ resistant oligonucleotides of poliovirus RNA labelled with asp in vivo is not suitable for the determination of the chain length of these oligonucleotides. To overcome this difficulty, we made use of the procedure of Donis-Keller et aL (I977) and separated incomplete alkali digests of 5'-3~p-labelled oligonucleotides by gel electrophoresis. Autoradiography of the gels reveals the correct chain length of the oligonucleotides by counting the number of visible bands (Donis-Keller et al. 1977) . This is illustrated in Fig. 3 for oligonucleotide # I9 of PV~. The chain lengths thus obtained for this and other oligonucleotides of PVi and PV2 are listed in Tables 2 and 3 . So far, we have confirmed the base composition shown in Table z only for oligonucleotide #3. This was accompfished by incomplete RNase U2 digestion followed by gel electrophoresis of the products (Donis-Keller et al. r977) . The sequence thus obtained, A-A-A-A- 
Molecular weights of PVI and PV2 RNAs and of PVI DI RNAs
The tool. wt. of an RNA can be determined by comparing the yield of a fragment of known tool. wt. to the mass of the RNA from which the fragment originated. A prerequisite for this procedure is that the yield of the RNA fragment can be determined without loss during separation procedures. Separation of RNase TI digests by 2D-polyacrylamide gel electrophoresis fulfils this requirement (Billeter et al. I974; Lee et al. I975) . The accuracy of the mol. wt. determination increases if the yields of several Ti-oligonucleotides are simultaneously established.
Oligonucleotides used for this study were first analysed for the molarity at which they occur in the genome. This was carried out as follows: the total yield in counts/min of all large oligonucleotides listed in Table z was divided by the total number of nucleotides in all large oligonucleotides (determined by adding up the chain lengths). The value obtained is the average specific radioactivity per nucleotide in that particular population of oligonucleotides (Table 2) . We assume that this average specific radioactivity per nucleotide is very similar to the average specific activity of nucleotides in the total RNA chain because, based upon the physical map of the RNase Tl-resistant otigonucleotides (Nomoto et al. I979 ), the oligonucleotides listed in Table 2 originate randomly from the virus genome. Using the average specific radioactivity per nucleotide established independently for each 32P-RNA preparation, the molar yields of several large oligonucleotides were determined. The results are shown in Tables z and 3 and indicate that each fragment is unique in the genome from which it originated. The molar yields of another group of Io large RNase TI-resistant oligonucleotides, not listed in Tables 2 and 3 , were also close to one (data not shown ct/min [RNA] is to count all radioactivity in the gel (see Methods) since all labelled materials applied to the first dimension gel can be recovered (Lee & Wimmer, 1976) . Thus, internal standards (Billeter et al. I974) to correct for losses are unnecessary. The chain length of PVI RNA was calculated to be 785Idz567 nucleotides and that of PV2 RNA 8181-4-578 nucleotides. Based on an average mol. wt. of the nucleotides in PVI RNA of 339"5 and in PV2 RNA of 338"7 the mol. wt. of PVI RNA is 2"66+o'I9 × lO 6 and that of PV2 RNA is 2.77:~o.i 9 × IO G.
A similar analysis was carried out for the genome RNAs of PVI DI0) and DI(2). The yield of oligonucleotides, however, was not determined since we assume that the primary structure of DI RNA is identical with that of standard (wild type) PVI RNA with the exception of a deletion of the 5' terminal half of the RNA (Nomoto et a! 1979) . This assumption is strongly supported by the following observations: (i) fingerprints of DI(I) and DI(2) RNAs are identical with that shown in Fig. 2(a) except for four large oligonucleotides (No. 6, 25, 38 and 47) which are absent (Nomoto et aL I979) ; and (ii) annealing of virion RNA of DI(2) particles with denatured double-stranded RNA of PVI followed by inspection of the products in the electron microscope yielded perfect hybrid heteroduplex molecules with a single loop approx. 20 ~ from one end of the molecules (Nomoto et al. 1979) . As shown in Table 4 , the calculated sequence complexity of the two DI RNAs is smaller [DI(I): 7042±999 nucleotides; DI(2): 6639 :~674 nucleotides] than that of standard PVI RNA. This result is consistent with the fact that the DI RNAs are shorter than standard PVI RNA.
DISCUSSION
The genome RNAs of the three types of poliovirus have been described as between 25 to 5OYo homologous in sequence (Young et al. I968; Young, I973a, b) . These values were obtained by hybridization of double-stranded RNA to excess heterologous single-stranded RNA. Based upon the size measurements of ribonuclease resistant double-stranded regions in heterologous hybrids, it has been suggested that segments of sequence homology between PVI and PV 3 RNAs are at the most 380 nucleotides long, those between PVI and PV2 RNAs being even smaller (Young, I973a) . The RNA fingerprints of the three serotypes 320 Y. F, LEE AND OTHERS do not indicate any sequence homologies between PVI and PV2 (Fig. I) since large oligonucleotides of identical base composition have not been detected. However, I2 to I6 large oligonucleotides represent only 5 to 8% of the virus genome and smaller oligonucleotides shared by the different virus RNAs may be found in the upper portion of the gel. On the other hand, the extent of sequence homology, which has been reported previously, may be an overestimate due to the conditions of hybridization (Young et aL I968) . The dissimilarity of fingerprints of closely related picornavirus genomes has also been observed recently by Frisby et aL (I976).
Various methods have been applied previously to determine the tool. wt. of picornavirus RNA: sedimentation velocity (Montagnier & Sanders, I963; Anderer & Restle, I964; Scraba et al. 1967; Granboulan & Girard, I969; Tannock et al. 197o) , electron microscopy (Granboulan & Girard, I969) , gel electrophoresis (Tannock et al. I97O; Yogo & Wimmer, I975) and nuclease digestion (Todd & Martin, I975 ). An average tool. weight of z.5+o'I × ~o 6 is now generally accepted (Rueckert, 1976 ) . The tool. wt. obtained by fingerprint analyses which we report here (2"66~o.t9 for PVI RNA, 2"77±o"I9 for PV2 RNA) are in agreement with this value.
One problem originally encountered in this study had been the difference in the specific radioactivities of the phosphates in the polynucleotide chain when virus was grown in phosphate-free medium in the presence of carrier-free 32p. This phenomenon makes sequence analysis of the virus RNA by the classical methods (Brownlee, I972 ) all but impossible. The development of rapid sequence methods of terminally labelled RNA fragments (Lockard & Rajbhandary, 1976 ; Donis-Keller et aL 1977; Simoncits et a[. I977), however, has solved this problem. We have observed non-uniform labelling of poliovirus RNAs as well as of RNA of encephalomyocarditis virus grown in L-cells or HeLa cells (Golini et al. I978) . Both picornaviruses replicate rapidly in the cytoplasm of the host cell. One reason for the non-uniform labelling might be that the equilibria between phosphate and nucleotide pools in the host cell form only very slowly. Addition of 32p to host cells several hours before infection might be necessary to balance the specific radioactivities of the nucleotide triphosphates.
We have shown previously that DI particles of PVt (Mahoney) are mutants whose genomes have an internal deletion approx. 20~o from the 5' end (Nomoto et al. r979) . Three stocks of PVI DI particles [DI(Q, DI(z) and DI(3)] have been isolated (Cole et al. 197I) . These DI particles differ in that the size of their deletions increases from DI(I) to DI(3 ) (Cole et al. I971 ; Nomoto et al. I979) although the deletion of all three DI particles is located in the same region of the genome (Nomoto et al. I979 ). On the basis of their mobilities in polyacrylamide or agarose and in vitro protein synthesis, the size of the deletion in DI RNA has been estimated to be IO to i5 ~/o of the standard virus genome. An analysis of heteroduplexes between DI(2) RNA and standard virus minus strand RNA has led to the conclusion that the deletion is approx. 8o0 nucleotides long (Nomoto et al. I979) . The chain lengths of DI(I) and DI(2) RNA reported here suggest that IO~o and I5~, respectively, of the standard virus genome are deleted. The variation in the extent of the deletion clearly reflects uncertainties intrinsic to the methods used to determine them.
Only a few of the oligonucleotides generated by RNase Tr were subject to analysis in this study. The unimolar yields of these oligonucleotides nevertheless suggest that there exist no large redundant sequences in these RNAs since, in the case of PVI, these oligonucleotides map randomly over the entire genome (Nomoto et al. I979) .
Note added in proof. We (N. Kitamura and E. Wimmer, unpublished d~trL) h~tve determined the sequence of oligonucleotide no. I6 and found it to be identical to nucleotide sequence 5-23 (beginning at the 3' end of PVI RNA) reported by Porter et al. (I978, Nature, London 276, 298-3oi ) .
